Biomimetic systems typically contain soft surfaces such as fluid interfaces or bilayer membranes that attain a large variety of different shapes and undergo morphological transitions between those shapes. This article briefly reviews several different examples from a unified perspective: liquids at chemically patterned and/or topographically structured surfaces; the formation of membrane buds from membrane domains; and the fusion of bilayer membranes and vesicles.
Introduction and overview
Biomimetic systems typically contain soft surfaces such as fluid interfaces or membranes. These latter surfaces attain a large variety of shapes, undergo morphological transitions between those shapes, are susceptible to weak forces, and, in general, provide soft scaffolds for more complex architectures.
The present article briefly reviews recent work on morphological transitions in such systems. We will use a top down approach and start from the simplest system, a small droplet of liquid such as water that is deposited on a solid substrate. If this substrate is chemically uniform and planar, the droplet attains the unique shape of a spherical cap. In contrast, a variety of different shapes and morphological transitions are found if the substrate is chemically patterned [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] or topographically structured [13] . The basic mechanism underlying this polymorphism is the freedom of contact angles at pinned contact lines as emphasized below.
Several experimental methods such as electrowetting [14] [15] [16] [17] 13] and employing switchable monolayers of grafted molecules, which can attain several metastable conformations [18] [19] [20] [21] [22] , have been developed in order to rapidly change the contact angle of the underlying substrate. In principle, any of these methods can be used in order to drive the system through a morphological wetting transition and to switch the liquid morphology in a controlled manner.
So far, morphological wetting transitions have been experimentally observed in the millimetre and micrometre regime but should also occur in the nanometre regime. For substrate domains or topographies with a linear dimension below about 100 nm, these transitions should be affected by the line tension of the contact lines [23] [24] [25] . Other aspects of wetting that we have recently studied include a general stability analysis of liquid morphologies [26, 27] , liquid bridges across slit pores [28] [29] [30] , and nucleation at circular surface domains [31] .
The second type of soft surface that we will consider is provided by bilayer membranes composed of amphiphilic molecules such as lipids or diblock copolymers. These molecular bilayers can be stretched by external constraints or forces and exhibit different tension regimes. In the high tension regime below the tension of rupture, closed membranes or vesicles behave much like liquid droplets. This regime is particularly interesting if the vesicles adhere to chemically patterned substrates [32, 33] . In the low tension regime, membranes and vesicles undergo new kinds of shape transformations not found for liquids. One particularly interesting example is provided by budding, i.e., by the expulsion of small, spherical buds from larger vesicles.
More than ten years ago, we theoretically predicted a robust and generic mechanism for the formation of such membrane buds from intramembrane domains [34] [35] [36] [37] . This mechanism is governed by the line tension of the domain boundaries and modulated by the spontaneous curvature of the membrane domains. Recently, this process of domain-induced budding has been experimentally confirmed by fluorescence microscopy of giant vesicles that have a diameter of many micrometres [38] . The membranes of these vesicles were composed of the phospholipid DOPC, cholesterol, and sphingomyelin corresponding to the 'raft' mixture that has been postulated to lead to lipid domains in biomembranes [39] [40] [41] .
The experiments in [38] provide direct evidence for the line tension of intramembrane domains [34, 35] even on the micrometre scale and are consistent with previous observations of giant vesicles that revealed domain formation [42] and budding [43] for membranes with the same lipid composition. Domain-induced budding of giant vesicles has presumably been seen for many other kinds of multi-component membranes [44] [45] [46] [47] [48] even though the detection of the underlying membrane domains remains an experimental challenge. The same process also occurs for smaller vesicles that have a diameter of 20-200 nm as observed in computer simulations [49] [50] [51] [52] .
Budding involves the formation of a small membrane neck that connects the bud with the larger vesicle. There is a rather different process, the fusion of two separate membranes, that leads to the formation of the same neck-like membrane structure, now representing the so-called fusion pore.
Membrane fusion is a ubiquitous process of life. A prominent example is provided by the fusion of synaptic vesicles to the outer membranes of nerve cells. In spite of its ubiquity, the basic mechanisms underlying the process of membrane fusion are still poorly understood. We have recently gained new insight into this process by computer simulations on small vesicles with a diameter of 30 nm [53] and micropipette experiments on giant vesicles with a diameter of tens of micrometres [54] . These studies show that vesicle fusion is a multiscale process that involves a wide range of length and timescales.
This article is organized as follows. Liquids at solid substrates are discussed in section 2 which starts with an elementary description of the interrelation of pinned contact lines and free contact angles and then describes a few examples for liquid morphologies and morphological transitions at chemically patterned and topographically structured substrates. Bilayer membranes and vesicles are considered in section 3; the first subsection gives an update on the process of domain-induced budding; the second subsection describes our recent attempts to understand membrane fusion via computer simulations and optical microscopy.
Liquids at structured surfaces
Let us consider the general situation of a rigid surface that represents the boundary between a fluid phase α and a solid substrate σ . We now place a small amount of liquid β at this surface, i.e., in the ασ interface. This liquid droplet is bounded by the solid surface and by the interface between the two fluid phases α and β. The latter interface attains a shape of constant mean curvature as determined by the balance of Laplace pressure and interfacial tension.
When the liquid is deposited on a homogeneous substrate, the contact zone of liquid and substrate is characterized by movable contact lines and fixed contact angle. The latter angle is determined by the classical Young equation if one can ignore the effects of line tension. In contrast, if the liquid is placed on a chemically patterned or topographically structured substrate surface, their contact zone is characterized by pinned contact lines and free contact angles. As a result of this latter freedom, one obtains morphological wetting transitions between different constant mean curvature shapes [1] [2] [3] 13] .
In the following subsections, we will discuss a few relatively simple examples. First, we will focus on surfaces that contain two kinds of surface domains, which attract and repel the liquid, respectively. These domains can have many different shapes. We will discuss only two cases, circular and striped domains. Second, we will consider a rather simple surface topography provided by surface channels or grooves with a rectangular cross section. In each case, one encounters a variety of liquid morphologies and morphological transitions for which one can derive a complete classification.
Pinned contact lines and free contact angles
2.1.1. Contact line pinning by surface domains. In order to illustrate the freedom of contact angles at pinned contact lines, let us first consider circular surface domains, γ , which are embedded in a chemically distinct substrate surface, δ. The γ domains are taken to be hydrophilic (in general: lyophilic), the δ surface is taken to be hydrophobic (in general: lyophobic). When we place a droplet of water, β, on top of such a circular domain, the liquid attains the shape of a spherical cap with contact angle θ = θ γ ; see figure 1 ; regime (I). As we add more liquid to this droplet, it grows until it covers the whole γ domain. At this point, the contact line sits on top of the (γ δ) domain boundary. If we continue to add liquid as in figure 1 , we enter regime (II): the position of the contact line remains fixed while the contact angle grows until it reaches the limiting value θ = θ δ . Beyond this point, the contact line becomes depinned from the (γ δ) domain boundary and the droplet starts to spread onto the lyophobic δ domain where it attains the contact angle θ δ [1] .
Similar behaviour is found for surface domains of any shape. In particular, along any contact line segment (CLS), which is pinned to a (γ δ) surface domain boundary, the contact angle θ = θ p is free to vary over the whole range [1] θ γ θ p θ δ (CLS pinned to domain boundary). or grooves with a certain cross section; see figure 2. As indicated in this figure, each cross section can be characterized by the opening angle ω e of the upper groove edge: for a rectangular and a hexagonal cross section, this angle is equal to ω e = π/2 and π/3, respectively.
If one deposits some liquid in these surface grooves, the contact angle attains the fixed value θ = θ γ along all contact line segments that are located within the groove bottoms, groove sidewalls, or ridges between the grooves. However, many wetting morphologies involve contact line segments that are pinned along the upper groove edges as indicated in figure 3 . For such a pinned contact line segment (CLS), the contact angle θ = θ p is free to vary over the range [13] θ θ p θ + π − ω e (CLS pinned to groove edge).
Liquid morphologies governed by surface domains
Many experimental methods have been developed by which one can design chemically structured substrates with a variety of hydrophilic and hydrophobic (in general: lyophilic and lyophobic) surface domains. The linear size of these surface domains can be varied over a wide range of length scales from the millimetre down to the nanometre regime [2, 4-8, 12, 9-11] .
Optimized contacts.
The simplest domain geometry is provided by a single circular domain as discussed before; see figure 1 . This case is, however, exceptional since a droplet For contact line segments at the groove bottom, groove sidewalls, and ridges, the contact angle attains the fixed value θ of the substrate material. For contact line segments that are pinned to the upper groove edges, the contact angle θ p is free to vary over the range θ < θ p < θ + π/2 and its value is determined by the liquid volume.
of β liquid can still attain the shape of a spherical cap even in the presence of the surface domain. In the limit of large liquid volume V β , this cap approaches a complete sphere which is the shape with the smallest surface area of the (αβ) interface. Therefore, the droplet can simultaneously maximize its contact area with the hydrophilic γ domain and minimize the area of its (αβ) interface. The behaviour becomes more interesting if one has (i) a single γ domain with a sufficiently anisotropic shape, (ii) a single γ domain which is multiply connected, or (iii) a pattern consisting of several disconnected γ domains. In all of these cases, the droplet tries to maximize its contact with the γ domains and to avoid the δ domains but it can only do so if its (αβ) interface deviates from a spherical segment. If the droplet is large compared to the size of the surface domain patterning, the interfacial region close to the contact line develops pronounced folds [24, 55, 56] . On the other hand, if the droplet size is initially comparable to the size of the γ domain, the droplet first adapts to the γ domain for small volumes but then undergoes a morphological wetting transition to a more spherical shape at large volumes [1, 2, 6, 8, 3, 12] .
Striped surface domains.
A relatively simple example for noncircular γ domains is provided by long rectangular stripes as in figures 4(a)-(d). Now, let us deposit a certain amount of β liquid onto such a stripe. For sufficiently small volume V β , the liquid forms a small spherical cap bounded by a circular contact line with contact angle θ = θ γ . This spherical cap grows as we increase the liquid volume until the contact line touches the (γ δ) domain boundary; see figure 4(a). If the volume is increased beyond this point, the evolution of the droplet shape depends strongly on the value of the contact angle θ γ .
In fact, the contact angle θ γ on the lyophilic stripe exhibits the boundary value [3] 
which separates two different wetting regimes 2 . These two regimes are characterized by qualitatively different behaviour as one deposits an increasing amount of liquid onto the stripe. . Top view of liquid morphologies (dark) on surface domains γ (white with confetti) within a hydrophobic substrate δ (white). The γ domains have the shape of a long, rectangular stripe; the corresponding contact angle θ γ is smaller than the boundary value as given by (3). With increasing volume, the liquid droplet attains the four states I-IV: (a) for relatively small volumes, the droplet has the shape of a spherical cap I with a contact line which eventually touches the γ δ domain boundary; (b) as the volume is further increased, an extended filament II is formed which has freely moving end caps; (c) the filament III covers the γ stripe completely and, thus, has fixed end caps; (d) as one adds even more liquid volume, the droplet undergoes a morphological transition to the filament state IV with a single bulge.
If the stripe has contact angle θ γ < θ ∞ fi , the wetting layer forms a liquid filament (or channel) which becomes longer and longer as one deposits more and more liquid. For θ γ > θ ∞ fi , on the other hand, such a long filament cannot be attained but only a short one which transforms into a localized droplet. In other words, it is easy to 'paint' long γ stripes provided θ γ < θ ∞ fi but it is impossible to do so for θ γ > θ ∞ fi . In the limit of large stripe length, this distinction can be described by a global morphology diagram with a line of discontinuous transitions that ends in a critical point [3] .
The shape evolution shown in figure 4 corresponds to a γ stripe of finite length with a contact angle θ γ that satisfies θ γ θ ∞ fi . In this case, the growing droplet in figure 4(a) transforms into an extended filament which partially covers the striped surface domain; see figure 4(b). Inspection of this figure shows that the contact line of such a filament, which is shorter than the striped domain, consists of two distinct kinds of segments:
(i) Those contact line segments that are pinned along the (γ δ) domain boundary of the underlying surface stripe. Along those domain boundaries, the contact angle θ = θ p is not fixed but satisfies the inequality θ γ < θ p < θ δ as in (1); and (ii) The two short transverse segments of the contact line which bound the two end caps of the filament. Since these latter segments lie within the γ surface domain, the corresponding contact angle has the fixed value θ = θ γ . Now, as we continue to add liquid, the filament continues to grow until it covers the stripe completely as shown in figure 4(c). At this point, the transverse contact line segments at the two end caps of the filament become pinned to the γ δ domain boundary as well. Thus, as soon as the filament covers the stripe completely, the contact angle at the two end caps is no longer fixed but can now also vary within the whole range θ γ < θ p < θ δ as given by (1). As we add even more liquid, the contact angles along the pinned contact line continue to grow until the filament becomes unstable and develops a single bulge as shown in figure 4(d) . This latter morphological wetting transition was first studied,both experimentally and theoretically,in [2] .
Liquid morphologies governed by surface topography
2.3.1. Surface grooves with rectangular cross section. Regular surface topographies such as channels or grooves can be fabricated using standard photolithography. A rather simple example is provided by surface grooves with rectangular cross section; see figure 2. We have recently obtained a complete classification of the liquid morphologies formed in such grooves On the left, the liquid does not enter the grooves but forms large lemon-shaped droplets overlying the grooves (dark stripes). On the right, the liquid enters the grooves and forms extended filaments separated by essentially empty groove segments (dark stripes). In the bottom row, one sees several parallel surface grooves in both images; in the top row, there is only one such groove with a single droplet (left) or filament (right). Close inspection of the upper right image reveals (i) that this filament is connected to thin wedges along the lower groove corners and (ii) that the contact line bounding the meniscus of the filament is pinned to the upper groove edges [13] .
which include localized droplets, extended filaments, and thin wedges at the lower groove corners [13] . Examples for these morphologies as observed by atomic (or scanning) force microscopy (AFM) are shown in figure 5.
The theoretical classification described in [13] is based (i) on general considerations such as the relation given by (2), (ii) on analytical shape calculations which are feasible for relatively simple morphologies such as liquid filaments with constant cross section, see figure 6 , and (iii) on numerical minimization of the liquid free energy which leads to constant mean curvature surfaces. One useful prediction of our theory is that the experimentally observed polymorphism of the wetting liquid depends only on two parameters: (i) the aspect ratio X ≡ d/w of the groove geometry, i.e., the ratio of the groove depth d to the groove width w; and (ii) the contact angle θ γ which characterizes the homogeneous substrate material. As a result one obtains the morphology diagram in figure 7. figure 7 shows that one has to distinguish seven different liquid morphologies which involve localized droplets (D), extended filaments (F), and thin wedges (W) at the lower groove corners. For microfluidics applications, the most important morphology regime is (F − ) which corresponds to stable filaments. Since this regime covers a relatively small region of the morphology diagram, see figure 7 , it can only be obtained if one carefully matches the groove geometry described by its aspect ratio X with the substrate wettability as described by the contact angle θ .
Applications to microfluidics. Inspection of
The morphology regime (F − ) corresponds to extended liquid filaments for which the surface grooves or channels act as confining microcompartments. These filaments have the . Liquid filament (F + ) with positive Laplace pressure, i.e., with a meniscus that is curved away from the substrate. The filament is located within the rectangular surface groove and is 'sandwiched' between two pistons. In mechanical equilibrium, the total force exerted by the filament onto each piston wall must vanish. The inset shows the filament cross section and the associated filament angle θ p = θ F which is uniquely determined by the aspect ratio X of the surface groove and the contact angle θ of the substrate [13] . Morphology diagram as a function of the aspect ratio X of the surface groove, defined by the ratio of groove depth to groove width, and the contact angle θ which characterizes the interaction between substrate material and liquid. This diagram contains seven different morphology regimes which involve localized droplets (D), extended filaments (F), and thin wedges (W) in the lower groove corners. The wedges (pW) contain contact line segments that are pinned to the upper groove edges whereas the wedges (cW) contain no such segments. The filaments (F+) and (F−) have positive and negative Laplace pressure, respectively. The diagram represents a complete classification of all possible wetting morphologies and should apply to all liquids and substrate materials [13] . remarkable property that they grow and shrink in length while their cross section stays the same when more liquid is added; compare figure 6. In addition, the filaments in the morphology regime (F − ) have a well-defined length since they are not connected to any wedges in the lower groove corners. The minus sign indicates that these filaments have a negative Laplace pressure which implies that their meniscus is curved downwards towards the substrate. In the microregime and nanoregime, such filaments can tolerate a relatively large overpressure, the size of which increases with decreasing channel width. Thus, a water filament in a narrow channel that has a width of 100 nm can sustain an overpressure of 15 atm. In contrast, if the channel had a width of one millimetre, the water filament could only sustain a thousandth part of an atmosphere.
One direct application of the overall morphology diagram is obtained if one combines the surface topography studied here with methods to switch the contact angle. One such method is provided by electrowetting [14] [15] [16] [17] ; alternative methods are based on substrate surfaces with grafted molecules which exhibit several metastable conformations and can be switched by light [18, 19, 21] , temperature [20] , or electric potential [22] . Let us consider, for example, a short filament (F+) with positive Laplace pressure which is in mechanical equilibrium with a reservoir such as a large droplet. If we now decrease the contact angle in the groove in such a way that we enter the filament regime (F−) with negative Laplace pressure, the filament imbibes liquid from the large droplet and advances into the groove; a reversible realization of such a process has been demonstrated by electrowetting [13] .
Bilayer membranes and vesicles
Bilayer membranes are composed of amphiphilic molecules such as lipids or diblock copolymers which have an overall rod-like shape with a typical length of 2 nm and a cross sectional area of about 1 nm 2 . These membranes form closed vesicles that can have a linear size of up to 50 µm and an area of up to 10 10 nm 2 . Thus, bilayer membranes involve a wide range of length scales. In addition, these membranes exhibit a unique combination of robustness and flexibility to mechanical perturbations.
Bilayer membranes can be stretched by external constraints and forces and exhibit several distinct tension regimes. Consider a membrane segment with area A and bending rigidity κ, which is typically of the order of 10 −19 J for lipid bilayers. One can then define two intrinsic tension scales: the size-dependent 'bending tension', A ≡ κ/A, which is of the order of 10 −6 mJ m −2 for a membrane segment with a linear size of 10 µm, and the tension of rupture, rup , which is typically of the order of 5-10 mJ m −2 . If the tension exceeds the tension of rupture rup , it perforates the membrane which then attains a new state of lower tension.
In addition, one may use a practical tension scale that depends on the resolution of the microscopy method. Thus, assume that the smallest objects that we can resolve has a linear dimension L. We can then define another tension scale L ≡ κ/L 2 . For an optical microscope, one typically has L = 250 µm which implies L 10 −3 mJ m −2 . In the following, we will define the low tension and high tension regime by A < < L and L < < rup , respectively.
In the high tension regime, the shapes of fluid membranes look very similar to those of fluid interfaces and are again characterized by constant mean curvature. Thus, closed membranes or vesicles that are deposited on adhesive substrates behave much like the liquid droplets discussed in the previous section [32, 33] . The main difference to liquid shapes is that the vesicle shapes in the high tension regime exhibit effective contact angles [57] that are always determined by the vesicle geometry [33] .
In the low tension regime, on the other hand, the shapes of vesicles are primarily governed by bending and curvature. This leads to new morphological transitions that are not accessible to liquid droplets. One particularly intriguing example is budding, i.e., the expulsion of a smaller spherical bud from a larger 'mother' vesicle. The bud and the 'mother' vesicle are still connected by a small membrane neck that resembles a catenoidal segment and is characterized by essentially zero mean curvature. For one-component membranes or multi-component membranes with a homogeneous composition, budding can be induced by changes in temperature or osmotic conditions which lead to an increase in vesicle area or a decrease in vesicle volume [58, 59] . In addition, multicomponent membranes provide a rather general mechanism for budding via the formation and growth of intramembrane domains as will be described in the next subsection.
Budding involves the formation of a small membrane neck that arises from the shape transformation of a single membrane. There is a rather different process, the fusion of two separate membranes, that leads to the formation of an analogous neck-like membrane structure, now representing the so-called fusion pore. The process of membrane fusion will be discussed in the last subsection.
Domain-induced budding of membranes

Budding of single membrane domains.
First, consider a single membrane domain, say β, which has been nucleated within a membrane matrix, say α, and which now grows by diffusion-limited aggregation as shown in figure 8 . By definition, an intramembrane domain has a composition which differs from the composition of the membrane matrix. This difference in composition will usually lead to a difference in spontaneous curvature. In addition, the boundary of the domain gives a free energy contribution which is proportional to its length. The corresponding free energy per length defines the line tension λ. In general, both the spontaneous curvature and the line tension provide a driving force for budding [34, 35] .
Even for vanishing spontaneous curvature, a flat domain with area A β and linear size L ≡ (A β /π) 1/2 does not necessarily represent the state of lowest free energy since the length of the domain boundary can be reduced if the domain forms a bud: the domain boundary now forms the neck of the bud, and this neck narrows down during the budding process; see figure 8 . For a membrane domain with bending rigidity κ and spontaneous curvature M sp , that experiences only a sufficiently small tension, the domain must bud as soon as its radius L exceeds a certain maximal size
where 0 is a dimensionless coefficient. The spherical cap model in [34, 35] leads to 0 = 8 whereas a systematic calculation of vesicle shapes [36, 37] It is intuitively clear that the presence of a membrane tension acts to suppress the budding process. This effect can be estimated from the spherical cap model which leads to three different tension regimes. Budding without an activation barrier occurs in the low tension regime with [34, 43] 
where λ and κ represent the line tension and the bending rigidity as before. As an example, consider the three-component membranes for which domain-induced budding has been observed experimentally [38] . In this case, the line tension was estimated to be of the order of 10 −10 , and the low tension regime corresponds to < 1 10 −3 mJ m −2 for a bending rigidity κ 10 −19 J. It is important to note, however, that the tension is not necessarily constant but will typically increase during the budding process as already pointed out in [34, 35] . For a vesicle, such a tension arises from the constraints on vesicle volume and vesicle area [36, 37] . This is easily understood in the limiting case of conserved vesicle area 4π R 
as the volume-to-area ratio v approaches one. From an experimental point of view, the simplest way to decrease v is via deflation [37, 43] . Another limiting case is shown in figure 9 for a vesicle without any volume constraint. In this case, each β domain that has reached the critical domain size L max as given by (4) can transform into a bud without inducing an effective tension on the remaining β domains.
Recently, the cooperative effects of many buds have also been addressed theoretically in the context of caveolae formation [65] . However, in this latter work, the buds are considered as 'inclusions' or point-like defects which ignores the essential processes of domain growth and domain-induced budding. Thus, a systematic theory that determines the membrane tension arising from the formation of many buds remains to be developed.
Membrane necks and Gaussian curvature.
For a vesicle with a homogeneous (or uniform) composition, the integral over the Gaussian curvature is a topological invariant as shown by the Gauss-Bonnet theorem. This implies that, in the absence of topological changes, G of the α and β domains. In both cases (a) and (b), the domain boundary is shifted out of the neck towards the domain with the smaller κ G , and the neck is now formed by the domain with the larger κ G [37] . the vesicle shape is not affected by this type of curvature and the associated elastic parameter, the Gaussian bending modulus [66] .
For a multi-domain membrane, on the other hand, the Gaussian bending modulus will, in general, depend on the membrane composition and, thus, should have different values κ (α) G and κ (β) G for the α and β domains. It turns out that the difference between these two moduli has an important effect on the structure of the membrane neck between the bud and the mother vesicle [37] .
If the difference |κ
G | κ, the domain boundary prefers to sit in the neck in order to minimize its length. Adjacent to the neck region, the mean curvature M β of the bud and the mean curvature M α of the mother vesicle satisfy the condition [36, 37] 
where the bending rigidities κ α and κ β , and the spontaneous mean curvatures M α sp and M β sp of the α and β domains may, in general, be different.
On the other hand, if the difference |κ
G | between the two Gaussian curvature moduli is not small compared to κ, the domain boundary is moved out of the neck. As shown in figure 10 , this domain boundary is shifted towards the membrane domain with the smaller Gaussian bending modulus [36, 37] . In this way, the membrane neck is now formed by the membrane domain with the larger Gaussian bending modulus 3 .
Experiments and simulations of domain-induced budding.
The process of domaininduced budding as described above has recently been confirmed experimentally by optical microscopy of giant vesicles [38, 67, 68] . 4 The membranes of these vesicles were composed of the phospholipid DOPC, cholesterol, and sphingomyelin corresponding to the 'raft' mixture that has been postulated to lead to lipid domains in biomembranes [39] [40] [41] . For these membranes, the formation of large intramembrane domains was first observed in [42] but these domains showed no tendency to bud, presumably because these vesicles were inflated and under tension. In addition, we had previously observed budding processes for the same membrane composition but have not been able to resolve the associated membrane domains [43] . The experimental observations in [68] show that the domain boundaries are slightly shifted out of the bud necks. This implies that the Gaussian curvature moduli in the two membrane domains are sufficiently different as in figure 10 .
The lipid mixture studied in [38, 67, 68] exhibits several coexistence regions and a line of critical points at which the line tension of the domain boundaries must vanish [34] . Close to these critical points, one expects to observe molecular segregation induced by curvature [69] which is, in some sense, opposite to domain-induced budding. This curvature-induced phase segregation is also observed experimentally in [38] when a highly curved vesicle is quenched from the one-phase region towards a critical point.
In view of the recent experiments, it is rather likely that domain-induced budding of giant vesicles has been seen for many other kinds of multi-component membranes [44] [45] [46] [47] [48] even though the detection of the underlying membrane domains remains an experimental challenge. The same process also occurs for smaller vesicles that have a diameter of 20-200 nm as observed in different kinds of computer simulations [49] [50] [51] [52] , compare figure 9.
Fusion of membranes
Membrane fusion is a ubiquitous process of life. A prominent example is provided by the fusion of synaptic vesicles to the outer membranes of nerve cells. This fusion process is responsible for the release of neurotransmitters into the synaptic cleft and, thus, for the communication between these cells. In this way, membrane fusion provides the molecular basis for all our thoughts. Another less pleasant example is viral infection. Many viruses such as the influenza or the HIV virus hide behind a membrane that they have 'stolen' from an infected cell. They then 'misuse' this membrane and fuse it with the outer membrane of another cell which becomes infected as well. In addition, we find many more fusion processes when we look at the heavy membrane traffic that is present in all cells of our body. Indeed, each of these cells contains a huge number of vesicles and other membrane bound compartments (organelles). Many of these vesicles act as transport vehicles that shuttle between the different intracellular compartments and deliver their cargo via membrane fusion.
In spite of its ubiquity, the mechanisms that govern the process of membrane fusion are still poorly understood. There are several reasons for this. First, membrane fusion involves a wide range of length scales: it starts with the formation of the fusion pore on the nanometre scale and proceeds with the opening of this pore in order to release and mix the volumes of the membrane compartments. Second, it also involves a wide range of timescales. In fact, there is a large experimental uncertainty about the different timescales involved in the fusion process. The formation of the fusion pore takes presumably less than 100 µs as deduced from patch clamp measurements [70] . Furthermore, observations of fusion processes by optical microscopy have been limited so far to normal video frequencies, i.e., to tens of milliseconds. Third, the fusion of biomembranes involves different kinds of proteins [71, 72] and lipids which act in a cooperative way that cannot be monitored with the available experimental methods.
As described in the following, we have recently used computer simulations [53] and optical microscopy [54] in order to gain further insight into the length and timescales involved in the multiscale process of membrane fusion. 
Simulations: fusion of small vesicles.
Some years ago, we started to simulate the behaviour of bilayer membranes built up from lipid-like molecules. We first used coarse grained molecular dynamics simulations in order to determine membrane states of low tension and to measure the bending rigidity of these membranes from the shape fluctuations [73, 74] . More recently, this approach has been extended to two-component membranes [75] . In addition, a new simulation code based on dissipative particle dynamics (DPD) has been developed by which one can explore larger systems over longer timescales [76] . DPD is a mesoscopic simulation method that explicitly includes water particles, incorporates the correct hydrodynamic forces [77] [78] [79] , and is capable of simulating millions of molecules. In the context of amphiphilic systems, this method had been previously used to explore the self-assembly and phase behaviour of lipid molecules [80, 76, 81] .
Using the DPD technique, we have been able to study the fusion of a lipid vesicle, that has a diameter of 28 nm, with a planar lipid membrane with an area of 50 × 50 nm 2 within a water volume of 50 × 50 × 50 nm 3 ; see figure 11 [53] . In contrast to previous fusion simulations based on Brownian dynamics [82] , coarse grained molecular dynamics [83, 84] , and Monte Carlo simulations [85] , our study addressed a relatively large number of fusion attempts in order to explore the dependence of the fusion statistics on the initial membrane tensions.
The time evolution of one successful fusion event is shown in figure 11 . When the simulation starts, the two bilayers of the vesicle and planar membrane are separated by a thin water layer of 1.5 nm. After about 80 ns, the membranes have been brought into contact by Brownian motion. During the next 60 ns, the lipid molecules within the contact zone are rearranged in such a way that the two membranes undergo hemifusion, i.e., the two bilayers have merged into a single one. This molecular intermingling process seems to represent a new fusion step which has not been reported previously. The resulting hemifused state is rather short lived and ruptures relatively quickly. This latter step leads to a complete fusion pore that connects the two membranes in a smooth neck-like fashion. The water within the vesicle can then flow through the fusion pore and, in this way, is released from the vesicle compartment.
One important insight provided by these simulations is that the fusion process can be controlled by the initial tensions within the two membranes. For each membrane, this tension depends on the ratio of the membrane area and the number of assembled lipid molecules. The membrane is tensionless or 'relaxed' when each lipid molecule has a certain optimal area but becomes 'tense' for larger areas per lipid molecule.
No fusion is observed, within a couple of microseconds, when vesicle and planar membrane are initially 'relaxed'. Instead, the vesicle adheres to and spreads onto the planar membrane. If the vesicle membrane is too 'tense' initially, it ruptures before fusion with the second membrane can occur. Likewise, a large initial tension within the planar membrane leads to premature rupture of this latter membrane. As a consequence, fusion can only occur at intermediate values of the membrane tensions. However, even for intermediate tensions, only about 55% of all fusion attempts lead to successful fusion events. In the other cases, the membranes rupture or attain a stable hemifused state.
Each successful fusion event can be characterized by its fusion time, i.e., by the time from first membrane contact to the appearance of a complete fusion pore. This time represents a random variable since it differs from fusion event to fusion event even if the initial membrane tensions are the same. The corresponding histograms have two remarkable features. First, the fusion time distributions for different tensions have significant overlap and are all centred between 200 and 300 ns. Second, no fusion event has been observed with a fusion time between 350 ns and 2 µs. This cut-off in the fusion time distribution is related to the stabilization of hemifused membranes at lower tension values. This cut-off time is expected to have a similar size for the tension-induced fusion of two vesicles that have a similar size, but should be shifted towards larger values if one considers the fusion of membranes that are rather different in size.
These simulations can be extended in several ways. First, we want to improve the membrane modelling in such a way that the tension of rupture assumes more realistic values for lipid bilayers. One promising method in this direction is to systematically match the parameters of the coarse grained DPD model with more microscopic models [86, 87] . Second, we want to study the fusion of multi-component membranes to supplement the fusion experiments described in the next subsection. Third, one may also include fusion proteins in the simulations. It is generally believed that the latter fusion processes are based on conformational changes of these proteins which exert localized tensions and bending moments onto the membranes. In general, different fusion proteins should lead to different force patterns acting on the membranes. Such localized force patterns can be included in the computer models and have been found to induce membrane fusion as well. In fact, using localized force patterns, the fusion process is still characterized by a fusion time in the order of 200 ns but this process is now more reliable and less random, an obvious advantage for biological fusion processes.
Experiments: fusion of giant vesicles.
Finally, let us briefly describe recent experiments on the fusion of giant vesicles as observed by optical microscopy [54] . The Figure 12 . Fusion of two lipid vesicles that are aspirated by two (horizontal) micropipettes. The third pipette, which is visible in the lower part of the images, is used to inject small amounts of europium chloride solutions. Left: before the injection, the two vesicles are brought into contact by the micropipettes but do not adhere. Right: after the injection, the two vesicles have fused to form one large compartment. giant vesicles are bounded by lipid membranes composed of egg phosphotidyl choline (or lecithin) and a small fraction (<0.05 molar per cent) of synthetic lipid-anchored molecules containing a β-diketonate group [88] . This ligand group is known to form a coordination complex with europium (III) ions with a ligand-to-ion ratio of 2:1. The giant vesicles are prepared by the electroformation method [89] . Using micropipettes with an internal diameter of 5-10 µm, two vesicles are selected and brought into contact; see the left image of figure 12 .
An important improvement of the experimental set-up consists in the possibility to introduce a third pipette into the measuring chamber. With the help of this third pipette that has an internal diameter of about 2 µm, a small volume of EuCl 3 can be locally injected into the contact zone between the two aspirated vesicles. In the absence of the lipid-anchored ligands, the europium ions are adsorbed onto the membranes and induce some tension that leads to membrane rupture at high concentrations. In the presence of the lipid-anchored ligands, the addition of the europium ions leads to fusion of the two adjacent vesicles; see the right image of figure 12. This fusion process seems to be triggered by the cross-linking of ligand groups, which are anchored in different bilayer membranes, by the europium ions. Some fusion events have been observed with high temporal resolution using a fast digital camera with 20 000 frames s −1 .
